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Gi]n>n» Increasing recovery in desalination 



Title: Increasing recovery in desalination processes combining 
reverse flow and precipitation 

Jack Gilron, Inventor 
Descripdon of invention: 

This is a process designed to significantly increase recovery in desalination processes 
without excessive use of additional chemicals, ft is intended for use wifli feeds of 
brackish water, treated wastewater, industrial water and seawater whenever there is a 
problem with sparingly soluble salts limiting lecovay. The process as denoted in 
figure 1 involves three steps: 

a) a pieconcentration step involving concrattaSing of ions of sparin^y soluble 
salts by a membrane process (I) such as nanoiiltration or revesse (»mosis, 
which igect flie multivalent ions of sparingly soluble salts v*ich are mainly 
alkaline ear* metals (Ca, Sr, Mg, Ba) and sotfiite, in which ^ step is earned 
out under conditions of flow reversal allowing significant levels of 
supersatuiatian to be reached in tiie concoitrate without attendant prsdfdtation 
of the sparingly soluble salts on the preconcentialion membrane. Flow 
reversal as outlined in US patent application US 60/529,66S^ involves 
changing the flow direction so that the feed is sent to the concentrate eiid of 
the series of membranes and the concentrate leaves fmm what was previously 
the feed end of the membrane series. As tau^t by U.S. aiq;ilication 
60/529,668, by performing this flow reversal at intervals tffflt are less ftanflie 
induction period for crystallization at the membtaoB surface at the concentrate 
end of the membrane, no precipitation fouling occurs since the supersaturated 
solution is replaced by an undrasaturated solution before it can occur. The 
flow reversal principle is illustcaled in figure 2. 

If the membrane process in step a) is nanofittration and the salinity is still too 
high, the permeate can be sent to a finflieT desaHnation process (HI) such as a 

membrane process (reverse osmosis or electrodialysis) or aftramal process 

(e.g. multistage flash, multiple eflfect dtstiUation, vapor compression 
distillation, membrane distillation) to generate a product water of requisite 

quality. This fiorther desalination process can also be a combination of any of 
the processes mentioned here in order to increase recovery (for example 
reverse osmosis foUowed by a theratud evaporation process or electrodudysis). 

If the memlHane process in step a) is revease osmosis the permeate usually 
can be used as desalination water as is. 

b) The supersaturated conceitfrateftom the pmajncentration step is sent to a 
vessel (11) containing a suspension of solids such as sand grains or calcium 
carbonate or calcium sul^ where piedpiiation occurs on these suspended 
solids which act as seeding surfiices. The excess concentration of 
supersaturated salts is released by precipitating on the seed surfaces. The 
solution which is now close to satiuab'on is separated fiom the suspension by 
filtration on a microporous filter. Alternatively flie supersahnaled concenbafe 
can be fed to tiie top (or bottom) of a fixed or moving bed of seed solids such 
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as is well known in the art of precipitation softening Qimss or soda sofienii^) 
and the softened solution is removed fiom the bottom (or top) of the bed after 
equilibiating to the eqirihbiium concentration of the sparingly soluble salts. 

c^ The stream (4) from step b) - which is now nearly at equilibration with respect 
' - " • --• stage 



m the membrane process in step a). Altranatively it can be fed to an additional 
desalination step (membrane or tiiermal desalination) wiA a small amount 
antiscalant, which now wiU be less given the smaUer volume to be processed. 

The advantj^e of this process is that the precipitation step (b) can take place 
without the addition of chonicals such as lime, caustic soda or sodium catbcmate 
to generate supeiaturationwifli respect to cadcinm. The soUds formed on the 
seeds are more easily removed than in the case of the sludges fimned m Ime 
softening. The concentration that takes place in step a) abeaify generates the 
supersaturation. An additional advantage to fliis process is Aat htfle or no ^ 
antiscalant is needed since scaling is prevented in the preconcentrahon step by flie 
reverse flow as taught in US application US 60/529,668. Therefore there is no 
antiscalant to interfere with the rate of precipitation in the preapitation step b). 

Badi^onnd and Introduction 

Sparingly soluble salts can limit the lecoveiy of desalination processes as Ihw 
concentiBtiwi increases in Iwine as more product water is pulled out of the feed 
stream. Different techniques have been used to cope with this problem. 
Chemical softening has been proposed to precipitate sparingly soluble salts most 
of which are salts of alkali earth melals (Ca, Sr, M& Ba). The problem with this 
approach is that it requires stoichiometric amounts of diemical to jHCCipilate all 
of the metal ions of qwringly soluble salts. This is often a sigpificant «qiense 
For example, a brackish water containing 100 mgfL of calcuim and 30 ing/L of 
magnesium, and 1 50 mgO- of caibonate alkalinity will require 185 g/m of 
hydrated hme and 135 g/m' of soda ash to completely remove die calcium. At 
80$/tott for hydrated lime and 180$/ton for soda ash this would involve a chemical 
cost of 2.5 centsAnl hi addition the sludgps formed in lime softening are often 
voluminous and haid to remove. This can be prevented by using advanced 
predpitatian processes that combine precipitation softening with microfitaation 
which has been denoted as membrane assisted oysiallization (MAC) or filtenng 
throu^ a filter cake of calcium carixmate seeds which has been denoted as 
compact accelerated jHecipitation softening (CAPS). 

Alternatively the pH can be reduced by adding acid and removing the carbonic 
acid formed by air stripping. This wfll eliminate ftic problem of carbonate scales 
but sulfete scales wiU still be a problem. For flie example of braddsh water 
mentioned in tiw previous paragraph, it would be necessary to add 120 g^m3 ot 
sulftoic add. 

As a result the most common approach today is to use antiscalants which aUow 
operation at various values of supersaturation. However evrai with the m<Kt 
advance antiscalants used today fliere are limits on flie supersahaaOon levels, for 
example -260-300% for calcium sulfide, an LSI index of 2.8 fiir calcium 
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carbonate and 200% for silica. This often means tint recoveries are s4ill often 
limited to 85-90%. 

Anottier alternative is to use nanofiltration to remove the terdness ions. The 
pnmeate from the nanofilter can then be fed to reverse osmosis or thermal 
desalination units to recover the desalinated water at fturly bi^ recovoies. 
However because counterions of the alkali eardi metals are also rejected, 
supersatoration conditioiK are also reached in die nanofiltration stqp if &e 
recoveries are hi^ enough. Indeed it is important to reach hi^ recoveries in fbs 
nuiofittiation step because the overadl reooveiy in two stages in series will be the 
product of the two steps. Therefore if recovery of the desal i nation step is 95% Mid 
the nanofiltration step is only 90%, then flie overall recovery will be 85.5%. This 
is not much better tiian fte recovery obtained in standard ceverse osmosis (RO). 
One way of overcoming ftis is to recycle the concenttaie of fte desalination step 
to tiie nanofilter, but this raises the average salinity in the desalination step with 
attendant increase of salinity in flie inroduct 

To innease the recovery a nuniber of researches have propi^ed using 
precipitation softening on the concentrate bdine condiKting lurlfaer desalination 
on the treated concentrate. However this is complicated by the presence of 
antiscalants in the concentrate. 

A previous application by the inventor, has outlined how flow reversal in 
nanofiltration (NF) or reverse osmosis (RO) can be used to pKtveat precipitation 
fouling of the membrane by sparin^y soluble salts if flie flow reversal (switching 
the feed and concentrate ends of the membrane train) is effected at a time less than 
tiie induction time for the given feed compositiiHi. Since the concentrate leaving 
such a flow reversal unit is already supeisaturated, it can be fed to a seeded 
precipitator to relieve snpersaturation by depo^tion on tite seed crystals. The 
saturated solution leaving the precipitator can then be recycled to the reverse flow 
membrane unit fmr ftirtha- wat^ recovery. 

Thus by incorporating a NF or RO unit wifli a seeded precipitator, one can 
significantly increase recovery without the need of large amounts of chemicals. 
Such a process is the claimed invention of this application. Depending on 

vtiiether tiie flow reversal membrane unit is a reverse osmosis or a nanofiltration 
unit, flie praineate can be used as product or sent to anoflia- desaliiiatitHi unit for 

fiirther desalination. However because scaling ions have already been removed, 
die recoveries in the additional desalination unit can be much highor. 

A Detailed Description of the Invention: 

Please see the figure 1. The membrane peconcentralion process is denoted by I, 
the seeded precipitation process is denoted by H, and die (optional) ftntber 
desaUnation process is denoted by UL Tte feed stream (1) is fed to flie 
membrwe preconcentration process (1). This membFane preccmcentration process 
constitutes either reverse osmosis (RO) which substantially retains all ions or 
nanofiltration (NF) which retains multivalent ions and partially passes monovalent 
ions. For nanofiltration, the rejections for die multivalent cations wifl usually be 
better flian 80-90% and flie rejection for sul&te wttl be better flian 95%. For 
reverse osmosis the rejection of multivalent cations and sul&te witt usirally 
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exceed 99%. The membranes can be made torn any of the accepted membrane 
materials- including but not limited to thin-film comproite membranes made of 
polyamides or asymmetric membranes made fiom polyamide or cdlulose acetate 
and its derivatives. The membrane elements can be spiral wound, plate and 
frame^ tubular, or hollow fiber geometry provided that there is an arrangement to 
allow reveising the flow by switching the sHeams cimnected to the feed and rejec 
fittings on die element A prefenred embodiment makes use of a spiral wound 
membrane elements. 



The preconcentration unit is operated under a regime of flow reversal to prevent 
precipitation in the pceooncentration step. An illustration of the principle of flow 
reversal is shown in figure 2. In figure 2a, a feed stream (21), vvdiose corrcentration 
of sparingly soluble salt is less than that of the saturation concentration (C2i< Q), is 
pressurized with a hi^ pressure pump and the higji pressure stream is fed to tfie left 
side (L) of a pressure vessel containing a series of one or more membrane elements 
(22). These membrane elements remove enou^ watCT 1hioug|i the membrane (iM) 
into the pemieate stream (23) that the exit stream (24) is concentrated in the retained 
sparingly soluble salts. The concentration of the sparingly soluble salts in the 
concentrate stream (24) is given by mass balance as : 

^ Q24 



where C refers to concentration (e.g. in g/L) and Q refers to volumetric flow rate (e.g. 
in L/hr). The subsoript refers to die process stream to which die concCTtration and 
flow rate refers. Defining the recovery Y^Qas/Qai as the portion of Ae feed stream 
(21) removed as permeate (23), one can rewrite equation 2 as: 

^21 ^^r* (Gq2) 



C — YC 



when C23 « 



(i~n (1-7) 

If the recovery is higji enough, then the sparingly soluble salt concentration at the 
membrane exit, C24, can be greater than the saturation coriceritration(QOa^^ 
membrane elements at the right end ( R ) of the pressure vessel sees a 
supersaturated concentrate solution. Because of concentraticm polarization, die 
concentration of sparingly soluble salt at the membrane wall (Cw) wiU be always 
be greater than the concentration (C ) in the bulk solution. Under conditions of 
supersaturation at die membrane surface^ th^re will be an induction time t^r 
associated with the composition at the monbrane wall next to the exit of the 
pressure vessel^ CW. If the flow direction is flien reversed (see figure 2bX then 
the membrane at die right end (R ) of the pressure vessel (2) sees die feed which is 
at a concentration C2i<Cs and the time accumulated in the induction period is lost, 
and will oidy begin again when the situation is returned to the one obtaining in 
figure 2a, Similariy under die conditions described in figure 2b, if recovery is 
high enou^ then the concentration (Cwii) next to the membrane at the left end (L) 
of the pressure vessel which is now the exit, will exceed tte saturation 
concentration (Cwi>Cs) and this will be associated wifli an induction tune^^ t^l^ 
When the flow is reversed and the situation reverts to diat illustrated in figure la» 
the time accumulated in the induction period at the left end (L) of the pressure 
vessel is also lost, and the induction time at the right end (R ) must again begin at 
0. To generalize this picture, the description desmbes not only die very aids of 
the pressure vessel but also conditions obtaining fiirther in, where supersaturations 
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can be still be reached. However flie most extreme situations (and hi^est 
supersaturations) will usually be obtained at the ends. 

This flow reversal can be effected as described in patent application US 
60/529,668 pieviously submitted by the inventor of die present patent Similarly 
in that pateid, exaicqples are given of successful demonstration of the technique. 

Returning to the presently claimed process as described in figure l,the 
concentrate streaon (3) leaving unit (I) will normally have a sl^)ersatu^ation in 
excess of 200% in all sparingly soluble salts. If the feed is not acidified fte feed 
will often have a langUer saturation index - LSI > 2 for calcium carbonate 
supersaturation. Stream (3) is fed to unit II which is a seeded crystaUizer, This 
crystallizer can be in the form of a vessel containing the seeds kept in suspension 
by agitation^ or a fluidized bed, or fixed bed Ttese crystallizm can take 
embodiments familiar to those versed in flie art of precipitation lime softening - 
including but not limited to embodiments such as an npflow solid contactor 
clarifer (vessel with suspension) or a spiractor (fixed or fiuidi»d bed contactor^ 
and membiane aided ciystallizers. A pref^nred embodiment will be given to those 
ccystallizers in which the solids formed ace compact and not voluminous as in the 
case of clarifiers. As such, packed and fluidized beds and membrane aided 
crystallizeis will be preferred because of the ability to get a compact (teposit for 
removal. 

The seeds in the ctystallizer can be seeds of the sparingly soluble salts (e.g. 
calcium carbonate or calcium sulfate) or fine sand (e.g. 0. 1 - 2 mm in cfiameter - 
with sand often to be preferred in padced and fi uidized beds). In die case of using 
seeds in an agitated suspension, a charge of I- 10% (wl/vol) has been found 
effective in the case of calcium caifoonate piecipitatioa Solids se{mration can be 
effected by gravity (in case of clarifiers, or packed or fiuidized beds) or a 
membrane barrier. Where membranes are used to separate the near saturated 
water from the su^nsion of the cry stallizer, any membrane can be used with 
pore sizes less than -10 um if a filter cake of the crystalline solids is allowed to 
form on the membrane. If no filter cake is foimed on the membiane, then it is 
piefened to use membranes with poie sizes of 0.2 micron or less. The m^faranes 
can be mounted in the crystallizer reaction tank and tiic treated fluid (4) removed 
by suction (as shown in the figure) or the membrane can be mounted on a side 
recycle stream, forcing the treated fluid (4) through the membrane under positive 
pressure. 

Hie size of the crystallizer is dependent on the rate of sparingly soluble salt 
deposition on the seeds. The mte of deposition for sparingly soluble divalent salts 
is oflen given by an equation of the form: 



Where dm/dt is the rate of salt precipitatioupaunit volume of reactor, S is the 
area of seeds per unit volume of the reactor, k is the rate constant for precipibdion, 
C is the concentration of sparingly soluble salt and Csai is the saturation 
concentration of flie sparingly soluble salt The exponent n, will usually be 2 for a 
reaction which is reaction limited and I for a reaction which is mass transport 
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limited. In any case it is clear that the more supersaturated the concentrate stream 

(3) , C will be hi^bo* and the preci{Htation rate will be higher allowing a more 
compact crystallizer. By adding Alum to die oystallizer, it may be possible to 
coprecipitate silica as well. The solids or semi-solid slnny (5) are removed ftom 
the crystallizer according to methods known to those well versed in the art of 
piecipitation/linie softening according to the choice of ciystedlizer equipmrait used 
and the solids or soni-solids (S) are then sent to disposal. 

The treated fluid (4) which is at or slightly above saturation with respect to 
sparingly soluble salts is now returned to unit (I) where it is combined with the 
feed stream (1) or an intermediate stream withfai (1). Because it is near saturation 
and it is a much smaller volume than stream (1), the combined streams of (1) and 

(4) will usually not exceed saturation provided stream (1) is not satanUed. In the 
event that ( I) is near saturated or saturated, a small amount of antiscalant can be 
added to the comtnned streams of (1 ) and (4) to generate an induction time long 
enou^ to allow flow reversal to be effective. In such a case, because the amount 
of antiscalant is low Onst enough to generate an induction time of 0.5 hours or 
more), it usually will not seriously impair die opeiatian of die crystaflizer (11) 
where there is a large concCTtration of seed crystals and supersaturatioo. 

If an RO membrane or tight NF (NaO rejection > 90%) is used in unit (1) then Ae 
product stream (2) can be often be used directty. If an open NF menibrane is used 
in unit (I) then the product stream (2) is fedte anodier ctesafa'nation unit (ffl) for 
furdier salt removal. Unit HI can be any of flte desalination jnocesses known to 
these versed in die art of desaUnation and water treatment including membrane 
process^ (NF, electrodtalysis, reverse osmosis) or thermal desalination processes 
(for example, multiple effect distillation, multi-stage flash distillation, vapor 
compression distiUation. membrane distillation), in this case, die iHoduct stream 
(6) is taken from nnit IH for use and the hi^ saline brine concentaate (7) is sent 
fbr disposaL It should be noted that very hi^ recoveries are attainable m unit HI 
because of the removal of scaling ions in the NF mranbrane process (I). 
Recoveries to be expected from unit DI will exceed 50-60% when stream (1) is a 
seawater feed (>32,000 mg/L) and >90-95% when stream (1) is a brackish water 
feed (2000 - 8,000 mg/L). 
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Figure 1: A schematic of the claimed process invention 
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Figure 2: Plow reversal to prevent precipitalicni lbiiliog» a) Flow directioii undesr 
forward flow, b) Flow direction under flow reversal 
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